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The phagocytic cells of the mammalian host
provide a remarkable defense against a wide vari-
ety of bacteria, fungi, and protozoa. Whether
they play a protective role in infections caused
by viruses and rickettsiae is at present a matter
of conjecture. The discovery of “pinocytosis”
(Gey, 1954), however, and recent observations
relating to bacterial endotoxins (Berthrong and
Cluff, 1953; Braude et al., 1955; Collins and
Wood, 1959), suggest that a mechanism closely
analogous to phagocytosis may aid in the disposal
of submicroscopic parasites and even of toxins of
relatively small molecular dimensions.

In the case of bacterial disease the process of
phagocytosis per se may or may not be a critical
factor in determining the ultimate fate of the
parasite. Manifestly, the outcome of each en-
counter between microbe and phagocyte depends
upon: (a) whether or not the microbe is promptly
ingested and (b) whether, once ingested, it is
able to survive.

Most bacteria are readily ingested by both
polymorphonuclear leucocytes and macrophages
(Suter, 1956). Their pathogenicity is not due to
resistance to phagocytosis, but rather to proper-
ties which enable them to thrive in intraphago-
cytic sites. These properties are as yet poorly
defined (Hirsch, 1958) and will probably remain
obscure until more is learned about the precise
mechanisms by which phagocytic cells kill bac-
teria. Other papers in the present symposium dis-
cuss this highly important aspect of “cellular
immunity.”

Although phagocytosis, per se, may not lead to
the destruction of a microorganism, it may never-
theless curtail its spread. Furthermore, it may
protect it against potentially lethal factors in the
environment, including antibodies (Rous and
Jones, 1916) and antimicrobial drugs (Magoffin
and Spink, 1951; Mackaness, 1952; Shaffer et al.,
1953a, b). Thus the phagocytic process may in-
fluence the course of an infection without being
highly bactericidal.

A number of bacterial species important to
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man, on the other hand, are promptly killed by
phagocytic cells, once they have been ingested
(Wood, 1951). They owe their virulence primarily
to surface components, often demonstrable as
capsules, which allow them to resist phagocytosis.
They include Diplococcus pneumoniae (MacLeod,
1958a), Streptococcus pyogenes (McCarty, 1958),
Klebsiella pneumoniae (MacLeod, 1958b), and
Pasteurella pestis (Burrows, 1955). The recent
findings of Cohn and Morse (1959) suggest that
Staphylococcus aureus possesses similar properties.
As perhaps might be expected, such bacteria,
which behave essentially as extracellular para-
sites, tend to produce relatively acute infections,
whereas those capable of surviving within phago-
cytes are more likely to cause chronic infections
(Wood, 1951).

The following discussion will be limited to en-
capsulated bacteria that are readily killed by
phagocytic cells. In the diseases they produce,
phagocytosis is the principal defense mechanism
which protects the host (Wood, 1951; Florey,
1958). A comprehensive treatment of phagocy-
tosis in general will be found in the excellent re-
view of Suter (1956).

Metchnikoff’s theory that bacteria are de-
stroyed by phagocytes first met with a cold re-
ception when advanced in the late 1880’s (Metch-
nikoff, 1887). Understandably impressed by
Buchner’s demonstration of bactericidal sub-
stances in serum (Buchner, 1890) and by von
Behring’s discovery of both tetanus and diph-
theria antitoxins (von Behring and Kitasato,
1890), pathologists of the day believed that re-
sistance to bacterial infections depended entirely
upon humoral factors in the serum. Thus there
arose in the ensuing decades a spirited contro-
versy between the great majority of investigators,
who adhered to the doctrine of humoral immu-
nity, and the few followers of Metchnikoff, who
defended the theory of cellular immunity (Bul-
loch, 1938).

The discovery of opsonins by Wright and
Douglas (1903) partly reconciled the two con-
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flicting theories, by proving that under certain
circumstances antibodies and phagocytes may
play a joint role in destroying bacteria. Never-
theless, antibodies remained in the ascendancy,
for they could be easily measured in the laboratory
(Dubos, 1945q).

Furthermore, several important species of bac-
teria (including pneumococei, hemolytic strepto-
cocci, and Friedlinder’s bacilli) were found to
possess capsules, which appeared to protect them
against phagocytosis, except when they had been
previously opsonized with specific antibody (Du-
bos, 1945b). This important observation led to
the immunological dictum that fully encapsulated
bacteria could not be phagocytized except in the
presence of opsonins (Zinsser et al., 1939). This
dictum, which in a sense recognized only specific
immunity, has proved to be untenable.

Except when antibodies are injected in the
form of antiserum, they are acquired at a rela-
tively slow rate. Not for many hours, or even
several days after the host is infected, can they
be detected either in the tissues or in the blood!
(Wood et al., 1946a; Sale et al., 1947). What then
prevents overwhelming microbial invasion from
occurring during the pre-antibody phase of acute
infections caused by encapsulated bacteria? The
answer lies in a nonspecific immune mechanism
which, for want of a better name, we have called
surface phagocytosis (Wood et al., 1946b).

When encapsulated bacteria, such as pneumo-
cocci or Friedlinder’s bacilli, are incubated with-
out antibody on a glass slide, phagocytosis fails
to occur, despite the fact that the motile leuco-
cytes frequently come into direct contact with
the organisms (Wood et al., 1946b; Smith and
Wood, 1947). If antibody, on the other hand, is
added to such a preparation, the opsonized bac-
teria are readily ingested (Wood et al., 1946b).
These are the laboratory observations which
gave rise to the dictum mentioned previously.

In the living host, however, the situation is very
different. For example, within a few hours after
Friedlander’s bacilli have been injected into the
lung of a rat, phagocytosis is easily demonstrable
in the infected alveoli (Sale and Wood, 1947).

1 Although there is suggestive evidence that
antibody production may begin almost immedi-
ately (Stevens and McKenna, 1958), no data have
been obtained to support the concept that amounts
sufficient to opsonize encapsulated bacteria ac-
cumulate in vivo within less than 24 to 72 hr.
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Similarly, when pneumococci are introduced into
the footpad (figure 1?), a marked phagocytic re-
action occurs as soon as the leucocytes reach the
site of the lesion (Smith and Wood, 1949b). In
neither instance can antibodies be detected either
in the tissues or in the circulation. Clearly, in the
glass-shide preparations, some factor is missing
which allows phagocytosis to take place in the
tissues of the host.

The nature of this critical factor becomes evi-
dent as soon as one alters the conditions of the
tests in vitro to make them simulate more closely
those which obtain in vive. If, for example, a
phagocytic mixture (figure 2), which is negative
on glass (left) is transferred to the surface of
freshly excised tissue, or even to such an inert
surface as that of moistened filter paper (right),
phagocytosis promptly ensues. The process by
which the leucocytes ingest the encapsulated or-
ganisms can be demonstrated by incubating the
mixture in a thin section of formalin-fixed lung,
where the behavior of the cells can be directly
observed under the microscope. Here the leuco-
cytes can be seen to phagocytize the encapsulated
bacteria by trapping them against the alveolar
walls (figure 3). Since the immovable surface of
the tissues is used in this process, the resulting
reaction has been called surface phagocytosis
(Wood et al., 1946b).

Further study of the phenomenon has revealed
that, whenever leucocytes are packed closely to-
gether, as in a dense exudate, they use each
other’s surfaces in trapping the organisms (Wood
and Smith, 1947). Phagocytosis accomplished by
this means is called intercellular surface phago-
cytosis.

Finally, if the organisms are caught in the in-
terstices of a fibrin clot, they can be similarly
phagocytized in the absence of antibody (Smith
and Wood, 1949q).

Each of these three mechanisms of surface
phagocytosis can be demonstrated with mono-
cytes as well as with granulocytes (Sawyer et al.,
1954). Each has also been directly observed in vivo
(Wood et al., 1951).

Recently, the study of surface phagocytosis
has been extended to infections caused by group
A hemolytic streptococci (Foley et al., 1959; Foley

2 Permission to reprint the photomicrographs
and tables included in this review has been kindly
granted by the Editors of the Journal of Exper:-
mental Medicine.
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and Wood, 1959). Four strains of type 14 strepto-
cocci, which were known to vary considerably in
intraperitoneal virulence, were selected for study.
Their comparative properties are summarized in
table 1.

The first two strains, referred to as S23, were
derived from the same parent culture. Strain
S23M produced a large amount of M protein (as
indicated in the fourth column of the table) and
was the most virulent for mice and rats. Strain
S23G produced no detectable M substance and
was relatively avirulent. The third and fourth
strains, designated T14, were both M producers.
The third, T14/46, was only slightly less virulent
than S23M. The fourth, T14, produced less M
protein than the other two M+ strains, and was
the least virulent of all. As is indicated in the
third column, labeled “‘size of capsule,” the cap-
sular envelopes of the S23 strains were somewhat
larger than those of the T14 strains.

Besides being subjected to the usual phagocytic
tests on glass and in glass roller tubes, the two
S23 strains were also presented to leucocytes in-
cubated on freshly excised tissues and on mois-
tened filter paper. The latter methods were used
to test for surface phagocytosis. Serum was ex-
cluded from all preparations in order to avoid the
possible introduction of opsonins.

As shown in table 2, phagocytic tests performed
with rat leucocytes on glass slides and in glass
roller tubes failed to differentiate between the
highly virulent S23M strain and its much less
virulent relative, 823G. In contrast, the marked
difference in susceptibility of the two strains to
surface phagocytosis is clearly shown in the tests
performed on moistened filter paper and on the
fresh tissues.

When the virulence of all four strains in rats is
compared to their susceptibility to phagocytosis
by rat leucocytes in vitro (table 3), the lack of
correlation between virulence and phagocytabil-
ity on glass slides and in glass roller tubes, as
contrasted to the relatively good correlation be-
tween virulence and susceptibility to phagocytosis
on moistened filter paper, is again evident. In
analogous experiments performed with mice the
same relationships were demonstrated.

To determine the relative importance of the M
protein and the hyaluronic acid capsule as anti-
phagocytic factors, further experiments were per-
formed with trypsin, to remove the M protein,
and with hyaluronidase, to eliminate the capsule
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(table 4). The results obtained clearly indicated
that both the M protein and the capsule are involved
in protecting the streptococcal cell from phagocytosis,
the total antiphagocytic action being due to their
combined effects. But here again, the differences in
susceptibility to phagocytosis could only be
clearly demonstrated in the tests designed to
measure surface phagocytosis.

The finding that virulence is related to surface
phagocytosis, as measured in vitro, immediately
suggests that this form of phagocytic reaction
may play a significant role in the defense of the
host against group A streptococcus. Evidence
supporting this hypothesis has been obtained by
systematic histologic studies of the early stages of
streptococcal peritonitis in mice.

The serial peritoneal smears, photographed in
figure 4, show that the relatively avirulent strain,
T14 (top row of photomicrographs), which is
highly susceptible to surface phagocytosis in
vilro, was rapidly ingested by both the monocytes
and the polymorphonuclear leucocytes of the
peritoneal exudate during the first few hours of
the infection. Accordingly, it failed to establish a
progressive lesion. In contrast, the virulent T14/
46 strain (bottom row of photomicrographs),
which resists surface phagocytosis, remained out
of the leucocytes in sufficient numbers to produce
eventually an overwhelming infection. The same
comparative results have been obtained with the
two $23 strains. Thus there appears to be a sig-
nificant correlation between virulence and sus-
ceptibility to surface phagocytosis both in vitro
and in vivo.

It is evident from these experiments that the
principal differences in phagocytability which re-
late to pathogenicity are adequately demon-
strated in vitro only by the phagocytic tests spe-
cifically designed to measure surface phagocytosis.
This fact, supported by the in vivo observations
just described, strongly suggests that surface
phagocytosis plays an important role in the nat-
ural defense of the host against group A strepto-
cocei, particularly during the initial stages of in-
fection.

The situation regarding staphylococcal infec-
tions appears to be somewhat different and more
complicated. Virulent coagulase-positive staphy-
lococei have been shown by Cohn and Morse
(1959) to be more resistant to phagocytosis than
avirulent coagulase-negative strains, when tested
in the absence of antibody. In addition, as demon-
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TABLE 1
Comparative properties of group A streptococcal strains used in phagocytic experiments

. |
Strain Type |Size of Capsule | Pioddction of | 1p, Micer  |Log LDso Micet| ~ LDso Rats* }Log LDso Ratst
|
S23M 14 +++ 1 +++ 1 0 1.0 X 102 3.0181
S23G 14 +++ 0 1.4 X 105 5.1610 3.6 X 10¢ 6.5481
T14/46 14 ++ +++ 1 0 2.1 X 105 5.3321
T14 14 ++ i ++ 1.4 X 107 7.1400 5.8 X 108 8.7672

* Expressed in number of streptococcal units injected intraperitoneally (6 animals per dilution) and
calculated according to the Reed-Muench method.

t Standard error for each log LDso mice is, in order, as follows: +0.44, £0.52, £0.34, £-0.34; and for
each log LDjo rats is: £0.55, 4:0.35, £0.51, +0.28.

strated by Rogers and Tompsett (1952), a small,

tosis undoubtedly stems from the fact that prac-
but demonstrable, fraction of phagocytized co-

tically all of the tests were performed with human

agulase-positive staphylococci is capable of sur-
viving and multiplying within polymorphonuclear
leucocytes. The observations to date, therefore,
indicate that the virulence of staphylococci may
depend both upon their resistance to phagocytosis
and the ability of at least a few of them to survive
within phagocytic cells.

Cohn and Morse (1959) have also obtained
evidence that the antiphagocytic properties of
virulent staphylococci are due to a surface com-
ponent of the staphylococcal cells. Whether a
definite capsule is involved, of the type first de-
scribed by Lyons (1937) and later noted by Price
and Kneeland (1956), remains to be determined.
The failure of earlier workers to demonstrate the
resistance of virulent staphylococci to phagocy-

serum, which regularly contains staphylococcal
antibodies (Jensen, 1958).

The presence of staphylococcal antibodies in
human sera suggests that acquired specific immu-
nity plays a role in the natural resistance of man
to staphylococcal diseases. Nonspecific immune
factors, however, may also be involved. Certainly,
in animals such as rabbits, which often have no
demonstrable staphylococcal antibody in their
sera (Cohn and Morse, 1959), nonspecific mecha-
nisms of defense must operate. The question as to
whether surface phagocytosis plays a part in this
nonspecific immunity has not been studied. It is
quite possible that the virulent strains of staph-
ylococci, which were shown by Cohn and Morse
to resist phagocytosis in the test tube, will be

Figure 1. Phagocytosis of pneumococci by polymorphonuclear leucocytes in footpad of rat 1 hr after
inoculation (3X1440).

Figure 2a. Failure of leucocytes to phagocyte unopsonized Friedliander’s bacilli on glass slide (XX 1300).

Figure 2b. Phagocytosis of Friedlinder’s bacilli resulting from incubation of same suspension on
moistened filter paper (XX1300).

Figure 8a. Surface phagocytosis of Friedlinder’s bacilli in thin section of normal rat lung. The fluid
medium in which the leucocytes and the bacteria were suspended consisted of gelatin-Locke’s solution.
The lung was fixed for 24 hr in 10 per cent formalin and was washed for several days in tap water to
remove the formalin before being sectioned and mounted on a cover slip. A drop of the leucocyte-bacil-
lus mixture was then placed on the cover slip which was inverted on a hollow ground slide and placed in
a warm stage (37°C) under the microscope. A leucocyte moving down the alveolar wall (from right to
left) can be seen trapping an encapsulated bacillus against the alveolar wall of the fixed lung. Note the
two delicate finger-like pseudopods between which the organism is being caught (3X1500).

Figure 3b. The same cell a moment later in the process of ingesting a second bacillus. The first or-
ganism can be seen in the cytoplasm of the leucocyte just above and to the right of the pseudopod which
is pinning the second bacillus against the wall of the alveolus (X1500).

Figure 4. Smears of peritoneal exudates made at intervals of 1, 2, 4, 12 and 18 hr during course of
peritoneal infections produced in mice with T14 (avirulent) and T14/46 (virulent) strains of group A
B-hemolytic streptococci. The T14 infection (upper) rarely killed the mice, whereas the T14/46 infection
(lower) was uniformly fatal. Note the phagocytosis of the T14 organisms by both the monocytes and the
polymorphonuclear leucocytes during the early stages of the infection (X1100).
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TABLE 2

Susceptibility of strains S23M and 823G to phago-
cytosis by rat leucocytes on glass slides, in glass
roller tubes, on moistened filter paper, and on
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TABLE 4

Effect of trypsin and hyaluronidase on phagocytosis
of strains S23M and S23G

surfaces of freshly excised rat tissues Strain S23M
Phagocytosis* State of Phagocytosist,}
Strain Treatment cS:a;zlgI Ma;r:-
) Glass | 61855 | Firger | .. Peri- P tein” | Filter | Glass | Roller
slide iﬂll)zr r | Liver | Spleen | ¢5neum paper | slde tube
%% % %o %o % % 7 % %
N ? ? ? ? 7 None +++|+++| 3 1 1
S23M 0 0 1 0 0 0 Trypsin 4+ - 49 1 3
823G 0 0 28 17 26 37 Hyaluronidase | £ |[+++4| 41 4 8
i 1
* Percentage of polymorphonuclear leucocytes Trﬁ’p:;:ronri)_ us
containing one or more streptococcal units. dZse + _ 64 29 40
TABLE 3 Strain S23G
Relation of virulence of streptococcal strains in rats
to their susceptibility to phagocytosis by rat leuco- None 444 = 28 1 0
cytes on motstened filter paper, on glass slides, Trypsin T 2% 1 3
and in glass roller tubes Hyaluronidase + _ 74 25 58
Phagocytosist,} Tr}z’}?;lil?ronli)-lus
Strain LDso Rats*
i u e Filter | Glass | Roller dase = | — | 68 | 43 | 57
paper slide tube
* Arbitrarily designated in terms of + and —
% % % symbols. In case of capsule, number of plus signs
S23M 1.0 X 10° 3 1 1 refers to approximate size of capsular envelope,
823G 3.6 X 10° 28 1 0 and =+ sign indicates removal of practically all of
T14/46 2.1 X 108 10 1 2 the capsule by hyaluronidase. The number of plus
T14 5.8 X 108 49 2 2 signs in the M protein column refers to the relative

* As in table 1.

t As in table 2.

} Standard deviation (a measurement of the
variability of the individual experiments) is for
each experiment reading down the 3 columns in
order, as follows: 1.8, 3.5, 0.53, 8.9; 0.58, 0.73, 0.62,
0.55; 0, 0, 0.60, 1.0.

found to be susceptible to surface phagocytosis.
Such a finding would perhaps help to account for
the natural antistaphylococcal resistance of ani-
mals which do not possess antibodies in their
blood sera.

Finally, a brief comment should be made on
methodology. The principal problem involved in
studying phagocytosis ¢n vitro concerns the main-
tenance of conditions sufficiently similar to those
which obtain #n vivo to allow a meaningful inter-
pretation of the results obtained (Wood, 1951;
Smith and Wood, 1958). The experiments re-
viewed in the present discussion, for example,
demonstrate that in the absence of antibody,

amount of the antigen demonstrable by precipitin
test, and a negative sign denotes that none is de-
tectable.

t Percentage of rat polymorphonuclear leuco-
cytes containing one or more streptococcal units.

1 Standard deviation (a measurement of the
variability of individual experiments) is for each
experiment, reading down the 3 columns in or-
der, as follows: 1.8, 5.4, 2.8, 0.85, 3.5, 1.1, 3.6, 6.1;
0.6, 1.0, 1.9, 8.5, 0.73, 0.71, 16.0, 5.6; 0, 0, 4.1, 9.0.
0, 0.71, 7.0, 0.

phagocytosis on glass is a very different process
from phagocytosis in tissues. Only when the leuco-
cytes are provided with suitable surfaces upon
which to operate will they behave as they do in
vivo. To give them access only to the surfaces of
glass slides and test tubes puts them at a serious
disadvantage. Also, if they are suspended in mix-
tures, which are significantly more dilute than
inflammatory exudates, their phagocytic powers
are greatly reduced (Smith and Wood, 1958).
Furthermore, their over-all effectiveness as phag-
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ocytes will be influenced by the nature of the me-
dium in which they are suspended. Not only must
the medium be such as to preserve the functional
integrity of the leucocytes, but it must also con-
tain any humoral factors (including, perhaps,
complement), which may promote or accelerate
phagocytosis (Ward and Enders, 1933) in inflam-
matory exudates. Such natural opsonins may well
exist and may play a significant role in nonspecific
resistance. Thus far, they have not been ade-
quately studied. In the experiments cited dealing
with surface phagocytosis, the leucocytes were
suspended in gelatin-Locke’s solution. This me-
dium was used to exclude the presence of specific
antibody. Experiments are now in progress in
which serum devoid of specific opsonins is being
used as the suspending medium. It will be of in-
terest to determine whether surface phagocytosis
in the presence of serum is even more efficient
than hitherto demonstrated.

Regardless of the outcome of these unfinished
experiments, it is already clear that surface phag-
ocytosis plays an important role in the nonspecific
resistance of the host, particularly to infections
caused by encapsulated bacteria.

In conclusion, it should be emphasized that the
phagocytic activities of granulocytes, monocytes,
and the fixed macrophages of the reticulo-endo-
thelial system may be affected by a wide variety
of agents including: ionizing radiation (Gordon
and Miller, 1955), bacterial endotoxins (Benacer-
raf et al., 1959), steroid hormones (Kass and Fin-
land, 1953), and viruses (Fisher and Ginsberg,
1956). By influencing the effectiveness of the
phagocytic defense, all of them may alter nonspe-
cific resistance to infection. Elucidation of the
precise mechanisms by which these agents act is
likely to require experiments performed in vitro.
If the results obtained in such experiments are to
be meaningful in terms of phagocytosis in vivo,
the variables emphasized in the present review
will have to be controlled.
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